In the context of the minimal supersymmetric standard model, nonzero neutrino masses and mixing can be generated through renormalizable lepton number (and thus R-parity) violating operators. It is examined whether neutrino mass matrices from tree and one-loop contributions can account for two masssquared differences and mixing angles that explain current experimental data. By accommodating, in particular, the solar and atmospheric neutrino data, we find interesting restrictions not only on the free parameters of the theory, such as lepton number violating couplings and soft-parameters, but also on the oscillation parameters of atmospheric neutrinos. PACS number(s): 12.60. Jv, 14.60.Pq Typeset using REVT E X 1
There exists some evidence for nonzero neutrino masses and mixing. The observations of the solar neutrino deficit have been indicating neutrino oscillation [1, 2] . The resonant conversion of ν e inside the Sun [3] would provide the most favorable explanation for the solar neutrino data. Several neutrino experiments have also observed deficit in the atmospheric neutrino flux [4] . The evidence for atmospheric neutrino oscillations was recently presented by the Super-Kamiokande group [5] , which favors ν µ -ν τ (or ν s ) oscillation. The ν µ -ν e oscillation interpretation can be ruled out by CHOOZ experiment [6] . The last one is laboratory evidence for the neutrino oscillationν µ →ν e coming from the LSND experiment [7] . This evidence is recently being challenged by KARMEN experiment [8] , and is to be checked in the near future. The above neutrino data are known to require three distinct mass-squared differences and mixing angles; 
With ordinary three neutrinos, any two of the mass-squared differences in the above equations can be obtained: that is, those corresponding to (i) solar and atmospheric (S+A), (ii) solar and LSND (S+L), or (iii) atmospheric and LSND (A+L) neutrino data. For (S+A), the LSND result has to be disregarded. In the case of (S+L) or (A+L), the presence of a sterile neutrino is necessary for the explanation of the atmospheric or solar neutrino experiment, respectively.
One of the desirable features of the supersymmetric extension of the standard model is the generation of small neutrino masses within its context. In contrast to the standard model, the supersymmetric standard model with the minimal particle content (MSSM) allows for baryon (B) and lepton number (L) violating operators. In order to ensure the longevity of a proton, one usually assumes the conservation of R-parity, forbidding both (renormalizable) B and L violating operators. As a consequence, the lightest supersymmetric particle (LSP) is stable and thus cold dark matter of the universe may consist of neutral LSP's. However, there is no obvious theoretical reason why R-parity needs to be conserved, or why both B and L conservation have to be imposed. L-violation would be present in the MSSM and it may be the origin of nonzero neutrino masses and mixing that explain current experimental data, while proton stability is ensured by B conservation alone.
The L-violating operators in the MSSM are
As is well-known [11] , ordinary neutrinos can obtain nonzero masses in tree-level via nonzero vacuum expectation values (VEVs) of sneutrinos, as well as at the one-loop level through squark or slepton exchanges. Recently, there have been many works studying neutrino phenomenology in the context of R-parity breaking supersymmetric models [12] . Typically, the tree-level mass is much larger than the loop mass. The key observation we wish to emphasize is that it is, however, possible to find the soft supersymmetry breaking parameter space for which the tree-level mass is rather close to the loop mass, and the solutions to the actual neutrino problems can be provided. This was first recognized by Hempfling in Ref. [12] where a scatter plot study of the supersymmetric grand unification model allowing only bilinear operators shows that the solar and atmospheric neutrino data can be accounted for.
In this paper, we will assume the presence of both bilinear and trilinear L-violating terms. We will examine how the soft parameter space viable for neutrino physics is constrained depending on the choice of the L-violating couplings and tan β. Furthermore, we will find that there are certain correlated patterns among soft parameters and predicted masses and mixing for given L-violating couplings and tan β.
Before discussing neutrino mass matrices arising in the L-violating MSSM, let us estimate what neutrino masses and mixing have to be obtained in each case (i), (ii) or (iii).
(i) (S+A): For this, the L-violation has to generate at least two nonzero mass eigenvalues (0 < m ν 2 < ∼ m ν 3 ), which give rise to ∆m 2 sol and ∆m 2 atm required for the explanation of the solar and atmospheric neutrino data as given in Eqs. (1) and (2) . Therefore, we need a mass matrix in the ν µ , ν τ directions which yields a large mixing (sin 2 2θ atm ∼ 1), and a rather small ratio between two eigenvalues,
For later discussions, we take the reference range χ = (7 − 40). In this case, the neutrino with the smallest mass m ν 1 is almost an electron neutrino and its mixing with ν µ,τ has to reproduce the angle in Eq. (1) . Another way to accommodate the solar and atmospheric neutrino data is to have almost degenerate three neutrinos. This could be achieved in our scheme if the amount of L-violation along the e, µ and τ directions are the same. Then, the solar neutrino data could be explained by a large mixing resonant conversion or vacuum oscillation effect [9] which we do not consider in this paper.
(ii) (S+L): To explain the atmospheric neutrino data as well, a sterile neutrino almost maximally mixed with ν µ has to be introduced. Let us denote the 4 × 4 neutrino mass matrix by m ij in (ν e , ν µ , ν τ , ν s ) basis where the components m is come from a certain origin beyond the MSSM. A natural way to obtain a large mixing required by the atmospheric neutrino experiment is to have the almost Dirac structure with m µs ≫ m es , m τ s . There exist two possibilities to realize this (S+L). First, ν e,τ can be almost degenerate with mass around ∆m 2 LSND , and ν µ,s are lighter. The solar neutrino data is then explained by a very small mass difference (∼ 10 −6 or 10 −10 eV [9] ) between ν e and ν τ . This extreme degeneracy is, however, hard to achieve in our scheme. The other possibility is to have ν e,τ lighter than ν µ,s , for which the solar neutrino data can be explained by a small mixing in Eq. (1). Then, the mass-squared differences for the atmospheric and LSND data are determined by ∆m (iii) (A+L): This is the most popular case with four neutrinos. The solar neutrino problem is solved by ν e − ν s mixing, and the atmospheric neutrino problem by maximally mixed ν µ − µ τ oscillation. Typically, one would expect that ν e,s are lighter than ν µ,τ . Combined with the LSND result, it is then required that the two mass eigenvalues satisfy m ν 2 ≃ m ν 3 ≃ (0.55 − 1.5) eV (therefore χ ≃ 1) and m
−2 is required for the LSND mixing angle. In the scheme of generating the neutrino masses from the R-parity violating couplings, it is again difficult to produce a small number:
. Recall that it is also possible to have almost degenerate ν e,s with mass around 1 eV, and lighter ν µ,τ . In this case, one would need to fine-tune some parameters in the ν e -ν s mass matrix to achieve a small mixing and a very small mass difference (∼ 10 −6 or 10 −10 eV). We disregard this case in our discussion.
Our framework is the conventional MSSM [15] in which soft supersymmetry breaking parameters arise from the gravitational coupling to the hidden sector and are assumed to be universal at the grand unification (GUT) scale where the three gauge couplings meet. In this framework, there are five independent parameters; the scalar mass m 0 , the trilinear soft parameter A 0 , the gaugino mass m 1/2 , as well as tan β and the sign of µ. Here µ represents the mass parameter of the bilinear operator H 1 H 2 .
Without loss of generality, one can take only dimensionless L-violating couplings λ ′ , λ at the GUT scale. Recall that, in models where all the L-violating terms appear generically, the universality condition allows us to redefine the superfields L i and H 1 in such a way that µ i = D i = 0 at the GUT scale. Here D i is a dimension-two soft parameter corresponding to the bilinear operator L i H 2 . Even if µ i and D i are zero at the GUT scale, upon renormalizing the soft SUSY breaking parameters and the L-violating couplings down to the weak scale, the universality condition breaks down and nonzero µ i , D i and m
are generated. For the calculation of the renormalization group equations (RGEs), it is convenient to use the basis [16] where the µ i terms are continuously rotated away in the following approximate manner:
This definition of new basis is valid up to the leading order of λ ′ and λ, which can be justified if they are small enough. The merit of this basis is that the RGEs of λ ′ and λ do not mix each other as shown in Appendix. Nonvanishing D i and m 2 L i H 1 at the weak scale induce nonzero VEVs of sneutrinos [11] . Keeping only the leading terms of the L-violating soft-parameters, one finds the sneutrino VEVs [16] :
The tree-level neutrino mass matrix is then given by
Given the L-violating couplings λ ′ and λ at the weak scale, the neutrinos acquire radiative masses whose matrix elements are given by
where m d,e denote the down-type quark and charged lepton masses, respectively, ∆ d,e denote the mixing masses of the corresponding squarks or sleptons, andm 2 are the functions of the squark or slepton mass eigenvalues m 1,2 given bym 2 = m ′ , λ, the soft parameters m 0 , A 0 , m 1/2 (fixed at the GUT scale), as well as tan β and the sign of µ. For the computation, we took the ranges of the soft parameters as follows: m 0 from 100 GeV to 1 TeV, the absolute value of A 0 from 100 GeV to 3m 0 , and the absolute value of m 1/2 from 100 GeV to 1 TeV, fixing the sign of µ to be positive. Note that changing the signs of µ, A 0 and m 1/2 simultaneously yields the same results. We also fixed the top quark mass to be 175 GeV, and the strong coupling constant α s (M Z ) to be 0.118.
Let us now specify more on the required L-violation. If one wants to introduce a sterile neutrino ν s in the context of MSSM, a natural place to couple it to the active neutrinos is the bilinear operator L i H 2 . That is, at the GUT scale, one may have another L-violating coupling k i L i H 2 ν s . An example of models explaining the origin of the sterile neutrino and k i can be found in Ref. [17] . Apart from this unknown new input, there are too many L-violating couplings, which would imply that our framework has too much arbitrariness in explaining the neutrino oscillation parameters in Eqs. (1)-(3) . Our basic assumption in this regard is to take the couplings with a "natural" hierarchy: the L-violating Yukawa couplings have a hierarchical structure similar to the corresponding quark or lepton mass matrix. In other words, e.g., λ
jk is the Yukawa matrix for the down-type quarks before diagonalization. This will be a consequence of models that explain the fermion hierarchies in terms of flavor symmetry [18] . In such a scheme, one expects that λ ′ i33 and λ i33 are the largest components and thus give the leading contribution to the neutrino masses. The subleading contribution comes from the couplings, e.g., λ ′ i32 or λ ′ i23 . Their contribution to the component (m ν ) ij = m ij would be suppressed by the factor of (λ
compared with the leading contribution. It is to be understood that this expression is taken after diagonalization of the quark mass matrices. It was realized recently by Drees et.al. [19] 
2 . This is too small to account for the size of various components of the neutrino mass matrices leading to the case (i), (ii) or (iii). Therefore, the couplings other than the (33)
than others) can be adjusted to reproduce the desirable mixing of ν e to other neutrinos as already discussed.
Let us first consider the case (ii). It is important to realize that one needs not to generate two nonzero eigenvalues in the neutrino mass matrix along the ν µ , ν τ directions. Furthermore, the ratios m µτ /m τ τ and m µµ /m τ τ are determined roughly by the input values λ
2 , respectively. Therefore, it is required from the previous discussion, λ −4 , the tree-level mass can be as large as 100 eV (for a small tan β) [12] , whereas the loop mass can be roughly 0.1 eV. Therefore, for a small tan β, one needs λ . This can occur for certain soft parameters which admit a cancellation in ν , that is, m
/D i ≃ − tan β. Now, one may again hope that the tree-level and loop mass are responsible for the two distinctive (e.g., solar and atmospheric) neutrino masses differing by the factor χ = (7 − 40). But the mere suppression of the treelevel mass is not enough to achieve this with the minimal choice of the L-violating couplings, because the tree and loop masses are almost aligned (that is, ν i ∝ λ ′ i ) which renders one eigenvalue close to zero. From the RGEs in Appendix, one can expect that this alignment becomes severer for smaller tan β for which the tau Yukawa coupling h τ has a negligible contribution to the RGEs and thus, e.g., A | and they have opposite sign. In order to get the desirable value of χ, therefore, the soft parameters may have to be tuned more precisely for smaller tan β. Scanning the soft parameters up to their first digit, we calculated the ratio χ of two mass eigenvalues and the atmospheric neutrino mixing sin 2 2θ for some sample set of tan β and the ratios between the couplings λ ′ 2,3 . Notice that the neutrino mass matrix is proportional to the overall scale of λ ′ 2 2,3 , and thus the ratio χ and the mixing sin 2 2θ depend only on the ratio of two couplings λ ′ 3 /λ ′ 2 . As expected, the number of the desirable soft parameters gets smaller for smaller tan β, and we find no parameter space for tan β < ∼ 4. Furthermore, the values of χ and sin 2 2θ depend very sensitively on the soft parameters, and the acceptable soft parameters are scattered for a small tan β. For a large tan β, χ becomes a slowly varying function of the soft parameters, and one can isolate some finite region for given values of χ as well as sin 2 2θ. Unexpectedly, some patterns have emerged for values of the ratio χ and the mixing angle that are realized in our scheme depending on tan β and the L-violating couplings, as presented in TABLE I. For illustration, we took some variations of λ ) for tan β = 40. As a consequence of partial cancellation between the tree and loop mass, the size of the L-violating couplings yielding the phenomenologically viable neutrino masses becomes slightly larger than the values for which the loop mass yields the atmospheric neutrino mass scale, say 5 × 10 −2 eV. It is also amusing to find that there are preferable ranges of the acceptable soft parameters: larger |A 0 | and smaller |m 1/2 | are preferred. To be specific, we show in TABLE II the ranges of soft parameters within which viable neutrino masses and mixing can be realized with λ requiring a cancellation in the sneutrino VEVs, which essentially restricts the soft parameter space. Again under our assumption of the natural hierarchy, the b-τ unification would imply λ ′ 2 ≃ λ 2 . In TABLE III, we illustrate some set of soft parameter ranges yielding the right values of the ratio χ and the mixing angle, taking λ ′ 2 = λ ′ 3 = λ 2 as a reference. The ranges of A 0 and m 1/2 for given m 0 are shown. Compared to the previous case, one finds that more parameter space opens up. Here, we find no soft parameters for tan β < ∼ 2. For tan β = 3 (40), m 0 > ∼ 600 ( < ∼ 200) GeV is not allowed. It also turns out that tan β < ∼ 2 can be acceptable for λ 2 > ∼ 4λ ′ 2 , which would be unnatural in view of the b-τ unification.
Let us finally comment on the case (iii). In order to achieve (m ν 3 − m ν 2 )/(m ν 3 + m ν 2 ) ∼ 10 −3 , much finer tuning of the soft parameters is required and thus it is very difficult to be realized in our scheme. In fact, we find no parameter space even for a large tan β and for the presence of λ 2 .
In conclusion, we have examined the possibility of obtaining the realistic neutrino masses and mixing in the context of the R-parity violating minimal supersymmetric standard model. We have assumed an ultraviolet theory which has generic L-violating Yukawa couplings in the basis where the L-violating bilinear terms are rotated away. The L-violating Yukawa couplings induce the L-violating bilinear soft terms through the renormalization group evolution which takes a simple form in the basis (valid for small L-violating couplings) as shown in Appendix. Analyzing the neutrino masses arising both from the sneutrino vacuum expectation values generated by the L-violating soft terms and from the loop corrections through squark or slepton exchange, one can find restrictions on the soft parameters, the L-violating couplings and tan β, under which realistic neutrino mass matrices can be obtained.
With three ordinary neutrinos, one can account for any two of the three distinct masssquared differences required by the solar, atmospheric and LSND neutrino data. First, we have discussed the phenomenological mass matrices along the ν µ , ν τ directions which are required by the data. If the solar neutrino and LSND data are due to the active neutrinos, and a sterile neutrino is introduced to explain the atmospheric data, then it is not necessary to have two distinct mass eigenvalues for the mass matrix in the ν µ , ν τ directions but its components should not differ by a factor of more than a few. This can be easily achieved if λ . In the case of solving atmospheric neutrino and LSND data, one needs to generate two almost degenerate mass eigenvalues for ν µ , ν τ with a very small mass difference. This case can hardly be realizable in our scheme. Most nontrivial and realistic case is to accommodate the solar and atmospheric data within the ordinary context of three active neutrinos (disregarding the LSND data). In this case, one needs to generate two distinct mass eigenvalues for ν µ , ν τ whose ratio, χ, should reside roughly between 7 and 40.
Under the assumption of the natural Yukawa hierarchy in the L-violating couplings, we have argued that the relevant contribution to the phenomenological neutrino mass matrices comes from the components λ ′ i33 and λ i33 . With the minimal choice of the L-violating couplings (namely, other than λ ′ i33 are negligible), only two neutrinos get nonzero masses which can be attributed to the mass parameters for the solar and atmospheric neutrino oscillations, respectively. In order to get the ratio of these two masses in the range between 7 and 40, the tree-level contribution has to be suppressed (that is, tan β ≃ −m
and furthermore some partial cancellation between the tree-level and loop mass is required. This basically constrains the soft parameter space for a given tan β. Our study have shown that the realistic neutrino masses and mixing prefer a large trilinear soft parameter A 0 and a small gaugino mass m 1/2 . The desirable soft parameter space becomes more restricted and finer tuned for smaller tan β, and we have found no parameter space for tan β < ∼ 4. One would conclude that a reasonable parameter space can be found for a very large tan β, namely, tan β > ∼ 40. Interestingly, the mass ratio χ = m ν 3 /m ν 2 and the atmospheric neutrino mixing sin 2 2θ are found to be restricted in a certain range and correlated in the way that smaller ratio χ has smaller or larger mixing depending on the values of λ ′ 2,3 . This tendency becomes weaker for larger tan β. The large mixing explaining the atmospheric neutrino data requires that λ ′ 2 and λ ′ 3 should not differ by more than a factor of 5. The constraints on tan β and the soft parameters, and on the oscillation parameters can become weaker by adding a sizable λ 233 . Also, the desirable neutrino oscillation parameters become very stable under the variation of the soft parameters. But there exist still significant constraints on the soft parameters. Finally, if one requires λ ′ 233 ≃ λ 233 in view of the b-τ unification, tan β < ∼ 2 is not allowed.
APPENDIX
Renormalization group equations for the lepton number violating parameters in the basis defined in the text.
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